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[Journal ref.: PRB 87, 180401(R) (2013)] The spin dynamics of the layered square-lattice vanadate
Pb2VO(PO4)2 is investigated by electron spin resonance at various magnetic fields and at tempera-
tures above magnetic ordering. The linewidth divergence towards low temperatures seems to agree
with isotropic Heisenberg-type spin exchange suggesting that the spin relaxation in this quasi-two
dimensional compound is governed by low-dimensional quantum fluctuations. However, a weak easy-
plane anisotropy of the g factor points to the presence of a planar XY type of exchange. Indeed, we
found that the linewidth divergence is described best by XY-like spin fluctuations which requires a
single parameter only. Therefore, ESR-probed spin dynamics could establish Pb2VO(PO4)2 as the
first frustrated square lattice system with XY-inherent spin topological fluctuations.
PACS numbers: 76.30.-v,75.30.Kz, 75.10.Jm,75.50.Ee
One of the central topics in magnetism of low-
dimensional spin systems is the description of real
magnetic systems by idealized models of magnetic inter-
action. Frustration effects and competing interactions
often result in a critical behavior near transitions toward
novel phases of matter which, for instance, could be
described as spin ice [1] or quantum spin liquid [2]
ground states. The critical spin dynamics was widely
investigated by local spin probes with techniques like
nuclear magnetic resonance (NMR) or electron spin
resonance (ESR). In particular, for two-dimensional
(2D) magnetic systems such investigations raised chal-
lenging questions to the applicability of spin models
like the isotropic Heisenberg or the planar XY model.[3]
The latter model is relevant for the recently often
discussed topological spin excitations. As shown by
Kosterlitz and Thouless (KT) the 2D XY model has
a topological phase transition of magnetic vortices to
a state of vortex-antivortex pairs [4]. These magnetic
vortices may sensitively impact the spin relaxation in
the critical region as was shown by an analysis of the
ESR line broadening for various quasi-2D triangular and
honeycomb lattices.[5–8]
In this context, the layered vanadium-oxide-
bis(phosphates) AA’VO(PO4)2 present an interesting
class of compounds. The crystal structure is dominated
by layers of VO5-pyramids and PO4-tetrahedra forming
a quasi-two dimensional (quasi-2D) S = 1/2 square-
lattice of V4+ ions [9]. In contrast to the majority of
2D square-lattice compounds, these vanadium systems
present a significant amount of frustration because the
superexchange coupling constant along the sides of the
squares (J1) is of the same order of magnitude as the
one along the diagonals (J2). Therefore, for systems
like Pb2VO(PO4)2 and SrZnVO(PO4)2, magnetic sus-
ceptibility [10] and neutron scattering data [11] were
discussed in terms of the S=1/2 Heisenberg J1-J2-model
on a square lattice [12, 13].
Quantum Monte Carlo methods revealed a tempera-
ture driven crossover from an isotropic Heisenberg to a
planar XY behavior if a weak easy-plane anisotropy or a
magnetic field is present [14, 15]. This crossover is pre-
dicted to occur around 30% above the critical tempera-
ture TKT and is reflected, for instance, in a developing
anisotropy of the magnetic susceptibility. Interestingly,
in both compounds Pb2VO(PO4)2 and SrZnVO(PO4)2
properties of the 2D-XY model could already be iden-
tified by NMR and µSR measurements in the spin dy-
namics above the long-range magnetic order at TN and
in the critical exponent of the order parameter [16–
18]. Noteworthy, we are aware of only three (unfrus-
trated) S = 1/2 square-lattice systems showing XY be-
havior, namely Sr2CuO2Cl2 [14], Cu(pz)2(ClO4)2 [19]
and [Cu(pyz)2(pyO)2](PF6)2[20]. The reason for this
scarcity is based on both the weakness of the easy-plane
anisotropy and the existence of interlayer interactions in
real quasi-2D systems leading to a 3D magnetic phase
transition at a temperature slightly above the KT tran-
sition [21, 22]. Therefore, anomalies of the 3D transition
easily mask XY anomalies which then appear too small
in bulk properties like the specific heat.
ESR has proven to be one of the most efficient meth-
ods to characterize the microscopic mechanism of the
critical spin dynamics involving, in particular, magnetic
vortices.The free movement of the vortices above the
KT-transition increases the spin relaxation and leads to
a decorrelation of the excited spins. This causes the
ESR linewidth to be proportional to the inverse corre-
lation length of the vortices [5, 6]. Here we show that
the ESR line broadening observed for single crystalline
Pb2VO(PO4)2 can be most reasonably explained by a
XY behavior of the spin dynamics. This suggests this
compound to be a rare case of a frustrated S = 1/2
quantum spin system on a square lattice with a genuine
XY behavior.
The synthesis of the investigated single crystals of
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FIG. 1. (a): typical ESR spectra of Pb2VO(PO4)2 at two
crystal orientations in the external field B. Solid lines present
Lorentzian lines. b,c): angular dependencies of ESR g-factor
at 34 GHz and T = 290 K for two geometries of crystal rota-
tion by an angle θ as defined in the sketches: rotation around
an axis perpendicular to (ab)-plane (frame b), and around the
[110]-axis (frame c). Note the different scales of the frames.
Pb2VO(PO4)2 (monoclinic structure, P21/a) was re-
ported in Ref. [9]. The dark-green samples are trans-
parent, reflecting the electronic band gap of an insulator.
Using data of susceptibility and neutron scattering the
strength of the exchange interactions could be estimated
as J1/kB = −3.2 K (ferromagnetic) and J2/kB = 7.7 K
(antiferromagnetic)[11]. The interlayer exchange induces
a columnar antiferromagnetic order at TN= 3.5 K [23].
The specific heat C(T ) was determined with a PPMS
using a relaxation method, while the susceptibility χ(T )
was measured in a SQUID.
The ESR experiments were carried out using a contin-
uous wave spectrometer together with He-flow cryostats
allowing for temperatures between 1.5 and 300 K. ESR
probes the absorbed power P of a transversal magnetic
microwave field at frequency ν as a function of a static
magnetic field B. To improve the signal- to-noise ratio, a
lock-in technique yielded the derivative of the resonance
signal dP/dB. At all temperatures above TN we observed
very well defined signals which could be accurately fitted
with single Lorentzian lines (solid lines in Fig.1a). The
relatively small linewidths allowed a precise determina-
tion of the ESR parameters linewidth ∆B and resonance
field Bres. From the resonance condition g = hν/µBBres
one obtains the V4+ g factors, which agree well with V4+
g factors for compounds with similar VO5-pyramids like
Sr2V3O9 [24] and NaV2O5 [25].
The g factors sensitively depend on the crystal ori-
entation in the external field. Besides a tiny in-plane
anisotropy (Fig. 1b), they display even at T = 290 K
a weak easy-plane anisotropy of ≈ 2% (Fig. 1c) which
is remarkably small compared to other XY-type systems
like [Cu(pyz)2(pyO)2](PF6)2 [20]. This anisotropy is also
reflected in the magnetic susceptibility χ(T ) as plotted
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FIG. 2. Magnetic susceptibility χ(T ) for B‖(ab) and B⊥(ab)
at different fields corresponding to Bres at the used frequen-
cies. Inset (a): χB⊥(ab) with red lines indicating T
C⊥
N ob-
tained from specific heat measurements at the same fields
shown in inset (b). Inset (c) presents anisotropy of χ(T ) at
B = 0.1 T of a large single crystal of Pb2VO(PO4)2 [23].
in Fig. 2 which we measured for the three ESR resonance
fields. Interestingly this is already visible at quite high
temperatures well above 30 K (see inset (c) of Fig. 2).
As shown in inset (a) of Fig. 2 the transition temper-
ature TC⊥N (B⊥(ab)), obtained from specific heat mea-
surements and indicated by thin bars, is located slightly
below a kink in transverse χ⊥(T ). This observation is a
clear signature of a dimensional crossover [14, 15], thus
providing another important requirement that, indeed,
for Pb2VO(PO4)2 the spin dynamics may be character-
ized by a crossover from an isotropic (Heisenberg) to a
planar XY spin model.
In ESR the spin dynamics is accessible by inves-
tigating the spin relaxation rate which determines the
linewidth of the ESR spectra. Fig. 3 shows the temper-
ature behavior of the ESR linewidth for the three used
excitation frequencies 1.0, 9.4 and 34 GHz and for paral-
lel and perpendicular orientation of the (ab)-plane in the
magnetic field B. At temperatures T > 100 K the ef-
fective linewidth is determined by an exchange narrowed
dipolar broadening [26]. Using the energy scale of the
exchange interaction Jc/kB =
√
J21 + J
2
2/kB = 8.3 K
[11] and a linewidth due to dipole-dipole interaction of
≈ 100 mT we estimate an effective linewidth of ≈ 3 mT
which roughly agrees with the observed high-temperature
limit of (4.1±0.3) mT for B⊥(ab) and (4.9±0.3) mT for
B‖(ab). By lowering the temperature towards TN the
critical spin dynamics leads to a divergent linewidth be-
havior. We analyzed this divergency with fitting the data
by ∆B0 + ∆B
crit, i.e. by a part ∆B0(T ) = bT + b0
containing all non-critical contributions and by a critical
part ∆Bcrit given by the following models:
The “power law” model (Fig. 3, frame a) considers clas-
sical critical fluctuations of a 3D order parameter and is
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FIG. 3. Temperature dependence of linewidth ∆B of Pb2VO(PO4)2 at different orientations of the magnetic field. The solid
lines represent data fits with ∆B0 + ∆B
crit with ∆B0 = bT + b0 and ∆B
crit according equations (1) (frame a), (4) (frame b),
and (5) (frame c). The XY model (frame c) could fit the data without any non-critical contribution ∆B0.
based on a suppression of the above discussed exchange
narrowing by 3D order parameter fluctuations. These
extend well into the paramagnetic region up to 20 K as
indicated by diffuse neutron scattering data [11] and lead
to the following linewidth divergence with a critical ex-
ponent p [3]:
∆BcritP = C1
(
T
TN
− 1
)−p
(1)
Here, C1 is a temperature independent parameter. The
data fitting with TN = 3.5 K results in a rather poor
agreement for the 1 and 34 GHz data and, moreover, in
wide spreaded values of p. The fit qualities could not be
improved by using the TN values we obtained from the
field- and orientation dependent specific heat data, i.e.
by using values 3.4− 3.6 K. Given this disparity we con-
clude that critical fluctuations of the 3D order parameter
cannot describe the ESR linewidth divergency above TN.
A description of the ESR linewidth divergency within
a S = 1/2 2D antiferromagnetic Heisenberg model (2D
HAFM) on the square lattice was first discussed for the
spin relaxation in La2CuO4 [27]. In this model the
linewidth depends on the spin correlation length ξ of the
2D HAFM in relation to the nearest neighbor distance
of the spins on the square lattice d
ξ
d
= ξ0
exp (2piρs/kBT )
1 + kBT/2piρs
(2)
where ρs is the spin stiffness. Eq.(2) is valid if piρs ≥
kBT [27]. According to [28], for an antiferromagnet the
spin stiffness is given by ρs = χ⊥v2s , where χ⊥ is the uni-
form susceptibility in units such that (N/V )µ0(gµB)
2 =
1, and vs is the spin wave velocity. Omitting higher-order
corrections, we get from linear-spin wave theory
ρ(α)s ≈ 4S2χ⊥ ×
{
(2J2 + J1)
2
, α = x
2J22 − J21 , α = y
}
× (1− η2) (3)
where α = x, y denote the two directions parallel and per-
pendicular to the ordering vector ~Q. Here η = H/Hsat
parametrizes the dependence on a small applied field
µ0H  µ0Hsat = 4S(J1 + 2J2)/(gµB) ≈ 20.9 T [29].
With η <∼ 0.06 in our experiments, we will neglect
this small correction. Within our approximation, the
transverse susceptibility is given by its classical value
χ⊥ = 1/(4(2J2 + J1)). Putting in numbers yields
ρxs /kB = 3.05 K, and ρ
y
s /kB = 4.65 K. From our anal-
ysis, we get an average value ρs/kB = 3.7 K. Thus, we
may use Eq.(2) up to T ≤ 11.6 K for the critical line
broadening which is calculated as
∆BcritHAF = C2
(
ξ
d
)3
(kBT/2piρs)
5/2
(1 + kBT/2piρs)
4 (4)
where the temperature independent C2 contains renor-
malizations of χ due to quantum fluctuations [27]. This
model describes the data fairly well as shown in Fig. 3b
4by values of ρs showing reasonable agreement with the-
oretical ρs in the J1-J2-model [12]. However, it was im-
possible to describe the data set with a common (i.e.
field independent) ρs rendering the 2D HAF model for
∆Bcrit questionable. Moreover, as in the case of power
law fitting, the validity of this model is restricted by the
requirement of a non-critical contribution ∆B0.
The movement of the vortices in the XY model leads to
a spin relaxation which depends on the density of these
vortices. Neglecting a temperature dependence of the
vortex velocity one finds [5, 7]
∆BcritXY = C3 exp
 3β√
T
TKT
− 1
 (5)
assuming that the contribution of out-of plane corre-
lations of the vortices is very small and thus can be
neglected [30]. TKT is the critical temperature of the
KT transition and C3 is constant. For the β-parameter
experimental values lie between 0.9 (NMR,[31]) and
4.1 (ESR,[7]) in agreement with theoretical estimations
[30, 32]. We note that Pb2VO(PO4)2 is not a Kosterlitz-
Thouless system. A KT transition, being a very special
2D phenomenon, cannot occur here. In particular, due
to the dimensional crossover 3D Ne´el order sets in at
T = TN > TKT (see our analysis below). Instead, TKT is
to be understood here as an energy scale of the 2D XY
type spin vortex fluctuations occuring at T > TN.
The data description with Eq. (5) are presented in
Fig. 3c showing a very good agreement. In contrast to
the other models Eq. (5) describes the data without need-
ing a non-critical term ∆B0(T ), reducing the number of
the free fit parameters to three only. It is worth to note
that the TKT values (displayed in Fig. 3c) remain almost
unchanged even if the above estimated high-temperature
limit b0 = 3 mT is added to Eq. (5). The extraordinary
fit quality is furthermore supported by the stability of
the exponent 0.5 in the denominator of Eq. (5) as soon
as it is assumed to be a free parameter. The parameters
C3 and β show only moderate variations with values in
the theoretically expected range [32]. The obtained tem-
peratures of the KT transition are smaller than TN and
are in good agreement with TKT ≈ 0.85TN as estimated
according to Ref. [21]. We relate the continuous decrease
of TKT upon increasing the resonance field (0.037, 0.345,
and 1.25 T at frequencies 1, 9.4, and 34 GHz) to a de-
crease of the vortex-binding energy with increasing field.
A comparison of the field behavior of TKT with phase
diagrams for field-induced XY-behavior [15] is not mean-
ingful because these diagrams are based on a model with-
out frustration. We are not aware of any theoretical ap-
proach treating the vortex-binding energy in a frustrated
J1-J2-XY model (which is applicable for Pb2VO(PO4)2).
An in-plane field is supposed to break the rotational
symmetry necessary for XY behavior. However, for our
system and field values the model appears to be stable
and applicable for both field directions. The stability
of the XY behavior may be related to the frustration
in the system. A similar behavior is found in the frus-
trated square lattice Cu(pz)2(ClO4)2 [19]. We expect
that our magnetic fields are not large enough to suppress
the XY behavior in Pb2VO(PO4)2. A negligible influence
of small in-plane fields on the vortex dynamics was theo-
retically discussed for systems with easy-plane anisotropy
[33].
Considering the temperature range of validity for the
XY model one notes that the question whether 2D spin
dynamics can be referred to unbound vortices well above
TKT was often discussed in literature. For example,
in-plane correlations may be characterized by a gas of
vortices [32] and 2D topological spin vortices appear as
preferable thermodynamic configurations to understand
specific heat results [19]. Also for ESR-probed spin dy-
namics one finds several examples confirming divergent
ESR linewidth behavior even far above TKT: For honey-
comb and triangular compounds [6, 7] it was shown that
Eq. (5) is valid well above TKT (up to T = 3TKT (hon-
eycomb), up to T = 30TKT (triangular)). Especially for
frustrated systems (like Pb2VO(PO4)2) the KT-critical
region is observed and predicted to be large [8].
The good agreement of both the 2D-HAF and XY
models with the data establishes 2D spin fluctuations
to be responsible for the ESR linewidth divergency. The
dimension of spin fluctuations, however, is best described
by a planar XY model, which renders a more consis-
tent physical picture for the behavior of the fitting pa-
rameters. This is furthermore supported by the ob-
served susceptibility signatures (Fig. 2(a)) of a dimen-
sional crossover in spin space.
To summarize, we investigated the spin dynamics of
the quasi-2D square lattice compound Pb2VO(PO4)2 by
analyzing the ESR linewidth with various spin interac-
tion models. For this compound magnetic susceptibility
shows the hallmarks for a crossover from Heisenberg to
XY behavior as predicted by quantum Monte-Carlo cal-
culations [15]. We found clear support for XY behavior
of the spin correlations according the analysis of the ESR
linewidth divergency together with the weak in-plane
anisotropy in the ESR g factor. XY-type spin dynamics
could clearly be verified in the spin relaxation, thus pro-
viding a new basis for understanding frustrated square-
lattice systems. These findings confirm previous indica-
tions of XY behavior observed by NMR and µSR mea-
surements in this and related compounds [16–18]. How-
ever, we have shown that measuring ESR linewidth and
in-plane-anisotropy in Pb2VO(PO4)2 is accurate enough
to clearly set apart the XY spin dynamics model from
other models, hence establishing Pb2VO(PO4)2 to be one
of the rare cases of a S = 1/2 spin quantum system show-
ing a crossover from Heisenberg to XY symmetry.
We acknowledge fruitful discussions with H.-A. Krug
5von Nidda (Augsburg) and M. Hemmida (Augsburg).
[1] S. T. Bramwell and M. J. P. Gingras, Science 294, 1495
(2001).
[2] L. Balents, Nature 464, 199 (2010).
[3] H. Benner and J.P. Boucher, in Magnetic Properties
Of Layered Transition Metal Compounds, edited by L.J.
de Jongh , Physics and Chemistry of Materials with Low-
Dimensional Structures Vol. 9 (Kluwer Academic Pub-
lishers, 1990).
[4] J. M. Kosterlitz and D. J. Thouless, J. Phys. C: Sol. Stat.
Phys. 6, 1181 (1973).
[5] J. Becker, Ph.D. thesis, Technische Hochschule Darm-
stadt (1996).
[6] M. Heinrich, H.-A. Krug von Nidda, A. Loidl, N. Rogado,
and R. J. Cava, Phys. Rev. Lett. 91, 137601 (2003).
[7] M. Hemmida, H.-A. K. von Nidda, N. Bu¨ttgen, A. Loidl,
L. K. Alexander, R. Nath, A. V. Mahajan, R. F. Berger,
R. J. Cava, Y. Singh, et al., Phys. Rev. B 80, 054406
(2009).
[8] M. Hemmida, H.-A. Krug von Nidda, and A. Loidl, J.
Phys. Soc. Jpn. 80, 053707 (2011).
[9] R. V. Shpanchenko, E. E. Kaul, C. Geibel, and E. V.
Antipov, Acta Crystallogr., Sect. C: Cryst. Struct. Com-
mun. 62, I88 (2006).
[10] E. E. Kaul, H. Rosner, N. Shannon, R. Shpanchenko, and
C. Geibel, J. Magn. Magn. Mater. 272-76, 922 (2004).
[11] M. Skoulatos, J. P. Goff, C. Geibel, E. E. Kaul, R. Nath,
N. Shannon, B. Schmidt, A. P. Murani, P. P. Deen,
M. Enderle, et al., EPL (Europhysics Letters) 88, 57005
(2009).
[12] N. Shannon, B. Schmidt, K. Penc, and P. Thalmeier,
Eur. Phys. J. B 38, 599 (2004).
[13] B. Schmidt, P. Thalmeier, and N. Shannon, Phys. Rev.
B 76, 125113 (2007).
[14] A. Cuccoli, T. Roscilde, R. Vaia, and P. Verrucchi, Phys.
Rev. Lett. 90, 167205 (2003).
[15] A. Cuccoli, T. Roscilde, R. Vaia, and P. Verrucchi, Phys.
Rev. B 68, 060402 (2003).
[16] P. Carretta, M. Filibian, R. Nath, C. Geibel, and P. J. C.
King, Phys. Rev. B 79, 224432 (2009).
[17] R. Nath, Y. Furukawa, F. Borsa, E. E. Kaul, M. Baenitz,
C. Geibel, and D. C. Johnston, Phys. Rev. B 80, 214430
(2009).
[18] L. Bossoni, P. Carretta, R. Nath, M. Moscardini,
M. Baenitz, and C. Geibel, Phys. Rev. B 83, 014412
(2011).
[19] N. Tsyrulin, F. Xiao, A. Schneidewind, P. Link, H. M.
Rønnow, J. Gavilano, C. P. Landee, M. M. Turnbull, and
M. Kenzelmann, Phys. Rev. B 81, 134409 (2010).
[20] Y. Kohama, M. Jaime, O. E. Ayala-Valenzuela, R. D.
McDonald, E. D. Mun, J. F. Corbey, and J. L. Manson,
Phys. Rev. B 84, 184402 (2011).
[21] S. T. Bramwell and P. C. W. Holdsworth, J. Phys.: Con-
dens. Matter 5, L53 (1993).
[22] S. T. Bramwell and P. C. W. Holdsworth, Phys. Rev. B
49, 8811 (1994).
[23] E. Kaul, Ph.D. thesis, Technische Universita¨t Dresden
(2005).
[24] V. A. Ivanshin, V. Yushankhai, J. Sichelschmidt, D. V.
Zakharov, E. E. Kaul, and C. Geibel, Phys. Rev. B 68,
064404 (2003).
[25] M. Lohmann, H.-A. Krug von Nidda, M. V. Eremin,
A. Loidl, G. Obermeier, and S. Horn, Phys. Rev. Lett.
85, 1742 (2000).
[26] P. W. Anderson and P. R. Weiss, Rev. Modern Phys. 25,
269 (1953).
[27] S. Chakravarty and R. Orbach, Phys. Rev. Lett. 64, 224
(1990).
[28] B. I. Halperin and P. C. Hohenberg, Phys. Rev. 188, 898
(1969).
[29] A. A. Tsirlin, B. Schmidt, Y. Skourski, R. Nath, C.
Geibel, and H. Rosner, Phys. Rev. B 80, 132407 (2009).
[30] J. M. Kosterlitz, J. Phys. C: Sol. Stat. Phys. 7, 1046
(1974).
[31] P. Gaveau, J. P. Boucher, L. P. Regnault, and Y. Henry,
J. Appl. Phys. 69, 6228 (1991).
[32] F. G. Mertens, A. R. Bishop, G. M. Wysin, and C. Kawa-
bata, Phys. Rev. B 39, 591 (1989).
[33] A. R. Pereira and A. S. T. Pires, Phys. Rev. B 51, 996
(1995).
